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Abstract: The reaction of [Ta(=CHBu)(CH.tBu)s] or [Cp*Ta(CHs)4] with a silica partially dehydroxylated
at 700 °C gives the corresponding monosiloxy surface complexes [(=SiO)Ta(=CHBu)(CH,tBu),] and
[(=SiO)Ta(CHs)sCp*] by eliminating a o-bonded ligand as the corresponding alkane (H—CH,Bu or H—CHg).
EXAFS data show that an adjacent siloxane bridge of the surface plays the role of an extra surface ligand,
which most likely stabilizes these complexes as in [(=SiO)Ta(=CHBu)(CH,Bu),(=SiOSi=)] (1a') and
[(=SiO)Ta(CH3)sCp*(=SiOSi=)] (2a'). In the case of [(=SiO)Ta(=CHBu)(CH.Bu).(=SiOSi=)], the structure
is further stabilized by an additional interaction: a C—H agostic bond as evidenced by the small J coupling
constant for the carbenic C—H (Jc-n = 80 Hz), which was measured by J-resolved 2D solid-state NMR
spectroscopy. The product selectivity in propane metathesis in the presence of [(=SiO)Ta(=CHBu)-
(CHtBu)(=SiOSi=)] (1a') as a catalyst precursor and the inactivity of the surface complex [(=SiO)Ta-
(CH3)sCp*(=SiOSi=)] (2a") show that the active site is required to be highly electrophilic and probably
involves a metallacyclobutane intermediate.

Introduction scopic techniques has greatly helped to characterize the exact
nature of active sites of these system¥. Notably, we show 43
how it is almost essential to combine the use of several analytizal
techniques to avoid making misleading conclusions. In this light,
we discuss our results in comparison to previous studies carved
out on these systems.In the following study, we study anda7
gompare the reactivity of silica partially dehydroxylated at 708

The interaction of organometallic complexes with oxide
surfaces such as silica or alumina has been studied for 30
yearst™® The first application of these materials was to the
generation of highly active heterogeneous polymerization
catalysts, followed by applications to other catalytic processes

such as hydrogenation, olefin and alkane metathesis, Fische oC with | | c d
Tropsch, or oxidation. This approach is referred to as surface with two tantalum complexes, [FeCHtBu)(CH,tBu)s] and 49

organometallic chemistry (SOMC), and its main objective is [Cp*TaMey]. The structure of each surface complex and tse

the transfer of concepts and tools from molecular chemistry to role of the silica surface on these structures will be discussed,
surface sciencéThe recent development of advanced spectro- Nighlighting the advantage of a rigorous multistep approachsto

t Laboratoire de Chimie Organdiadique de Surface, ESCPE Lyon. (6) Copeet, C.; Chabanas, M.; Petroff Saint-Arroman, R.; Basset, Ardew.

t . . . Chem., Int. Ed2003 42, 156-181.
§Taken in part from his Ph.D. thesis. (7) Petroff Saint-Arroman, R.; Chabanas, M.; Baudouin, A.; Celp€.; Basset,
Lawrence Berkeley Laboratory.

J.-M.; Lesage, A.; Emsley, L1. Am. Chem. So@001, 123 3820-3821.

' Laboratoire de Chimie, ENS Lyon. (8) Chabanas, M.; Quadrelli, E. A.; Fenet, B.; CrgieC.; Thivolle-Cazat, J.;
UBP Chemicals. Basset, J.-M.; Lesage, A.; Emsley, Angew. Chem., Int. EQ®2001, 40,
(1) Ballard, D. G. H.Adv. Catal. 1973 23, 263-325. 4493-4496.
(2) Yermakov, Y. I.; Kuznetsov, B. N.; Zakharov, V. Atud. Surf. Sci. Catal. (9) Lesage, A.; Emsley, L.; Chabanas, M.; CagteC.; Basset, J.-MAngew.
1981, 8, 522 pp. Chem., Int. Ed2002 41, 4535-4538.
(3) Basset, J. M.; Choplin, Al. Mol. Catal.1983 21, 95-108. (10) Chabanas, M.; Baudouin, A.; Capg C.; Basset, J.-M.; Lukens, W.;
(4) Evans, JNATO Ad. Study Inst. Ser., Ser. £988 231, 47—73. Lesage, A.; Hediger, S.; Emsley, 1. Am. Chem. So2003 125 492-
(5) Scott, S. L.; Basset, J. M.; Niccolai, G. P.; Santini, C. C.; Candy, J. P; 504.
Lecuyer, C.; Quignard, F.; Choplin, New J. Chem1994 18, 115-122. (11) Ahn, H.; Marks, T. JJ. Am. Chem. So@002 124, 7103-7110.
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Table 1. Solid-State NMR Data for Solid 1

4 0,8
ligand O Hippm o BClppm Je-nlHz
=CHCMe; 4.2 247 80
=CHCMe3 a7 106
=CHCMe3 1.0 31 126
—CH2CMe; 1.0 95 125 B} -
—CHCMes 31 %0 < 104
—CH,CMe3 1.0 31 126 B =
surface organometallic chemistry. The choice of tantalum for 102
such a study has been based on its unusual reactivity toward b
alkanes because alkane metathesis, a reaction which transforms , 0
an alkane into its higher and lower homologues, was originally 2 4 10 12 0 6

6 .8 2 i 4
discovered with & SiO)Ta—H], a c? electron complex alkane k&) Rea(A)
metathesis cataly$t. We have recently disclosed that the Figure 1. EXAFS of solid 1: dashed lines, experimental; solid lines,

mixture of [(=SiO)TaE=CHBU)(CH:BU)] (la) and  SPherical wave theory.

[(=SiO)xTa(=CHtBu)(CH,tBu)] (1b), both & electron com-

Table 2. EXAFS Parameters for Solid 12

plgxes, is qlso a CatalySt precy rsor for this reac%@eca_u;e ) neighboring atom # of atoms? distance (/A) Debye-Waller factor (/A)
this study yleldeq two well-defined complgxes, thg|r activity in —CHCMes 1 1.898(8) 0.076)
alkane metathesis was tested to gather information on the key _os;j 1 1.898 0.03(2)
requirements for an alkane metathesis catalyst precursors. —CH:CMes 2 2.150(4) 0.07(2)
—OSk 1 2.64(1) 0.11(4)
Results and Discussion —CH,CMes 3 3.417(5) 0.06(2)

Reactivity of [Ta(=CHtBu)(CHtBu)s] with Silica Partially aFit residue:p = 5.8%.P All shells fit with an overall scale factor of
Dehydroxylated at 700 °C. An exemplary case for multi- 1.1

technique SOMC is given by the studies of the reactivity of
[Ta(=CHtBu)(CHtBu)s] with partially dehydroxylated sil-  j,qjgnt into the number and distances of first and secosd

ica®11.14.1%In the specific case of a silica partially dehydroxy- qighhors. The EXAFS data collected on the salidare 99
lated at 700°C, the reaction leads to a ye'_IOW sotig Whose consistent with the following features (Figure 1 and Table 2jio
structure can be formulated as the well-defined monosiloXy Ta (i) two neighbors (either carbon or oxygen atoms) at a sheot
carbene FESIO)Taf=CHBu)(CH:tBu),], 1a, as deduced by the  qigiance (1.898 A, not resolved), (i) two other carbon neighbars

combined use of mass balance analyses, IR, 1D and 2D 5 onger distance (2.150 A), (iii) an extra oxygen atom ates
HETCOR NMR spectroscopies (Table 1), and characterization |- longer distance (2.64 A), and (iv) three carbon atomsiat

through phemical reactivity studies (such as pseudo-Wittig or 3 417 A The two neighbors at a short bond distance (1.898183
hydrolysis). . e . can be assigned to an alkyliderre@HtBu and ao-bonded 106

Furthermore, isotopic dlstrlputlon studiéand 1D solid-state siloxy (OSi=) substituent, while those at 2.150 A are assignear
NMR spectroscopy on selectiveliC-labeled complexésiave 5 yo -honded carbons of the neopentyl grou@HgtBu). 108
indicated the involvement of the surface intermedia®d(0)- 116 exira O-atom neighbor at 2.64 A is assigned to a siloxane
Ta(CHptBu)4), 1c during th_e grafting reaction, and the slow pyiqqe \which acts as a two-electron donor ligand to stabilize
transformation oflc |nt9 [(=,S,'O)Ta(=cHtBu)(CHZtBU)Z_] la the otherwise highly electron unsaturated surface complex
and neopentane. The identification and characterizatidicof 1, (formally a 10-electron complex) to yield the more sta42

and the related mechanism of the grafting reaction, was further ;-4 12_electron species FGI0) Tal=CHtBU)(CHxBU) 113
substantiated by studies of the reaction of the organometallic (=Si0si=)], 14. 114

recursor with a molecular model for silica’s surface isolated . .
P The proposed ligand assignments for the observed bamnsl

grafting site, the polyhedral oligosilsesquioxane-QsHo)7- . . . - :
Si01,Si(OH)] 8 Studies based solely dRC solid-state NMR dlstqnces are consistent with corre;pondlng bond distanoss
obtained by X-ray crystallography in analogous molecular?

i o et e ot e same rmadal O By
pecies, 9 y Y219 Al8 d(Ta—0Si) = 1.89 A andd(Ta—0) = 2.25-2.35 119

assigned! . P
Ideally, one would like to obtain crystallographic data to yield A for a coordinated ethéf. 120

the interatomic geometric parameters of the coordination sphere  R€cently,J-resolved 2D solid-state NMR spectroscopy was1

of a metal center and its surroundings in the same way molecularintroduced as a novel method to measure the@4H bond 122

chemists use X-ray crystallography diffraction studies on single @ngle and was applied to the study of surface-bound metailzs

crystals. In the case of silica, an amorphous support, extended

_ P ; R ; (16) Schrock, R. RAcc. Chem. Red979 12, 98-104.

X-ray absorption fine structure (EXAFS) analysis provides (17) Schultz, A. J.; Brown, R. K.; Williams, J. M.; Schrock, R..RAm. Chem.
So0c.1981 103 169-176.

(12) Vidal, V.; Theolier, A.; Thivolle-Cazat, J.; Basset, J.-Btiencel997, 276, (18) LaPointe, R. E.; Wolczanski, P. T.; Van Duyne, G.@ganometallics
99-102. 1985 4, 1810-1818.

(13) Copeet, C.; Maury, O.; Thivolle-Cazat, J.; Basset, J.-Mhgew. Chem., (19) Miller, R. L.; Toreki, R.; LaPointe, R. E.; Wolczanski, P. T.; Van Duyne,
Int. Ed. 2001, 40, 2331-2334. G. D.; Roe, D. CJ. Am. Chem. S0d.993 115 5570-5588.

(14) Dufaud, V.; Niccolai, G. P.; Thivolle-Cazat, J.; Basset, JIMAM. Chem. (20) Allen, K. D.; Bruck, M. A.; Gray, S. D.; Kingsbhorough, R. P.; Smith, D.
S0c.1995 117, 4288-4294. P.; Weller, K. J.; Wigley, D. EPolyhedron1995 14, 3315-3333.

(15) Lefort, L.; Chabanas, M.; Maury, O.; Meunier, D.; Cogte C.; Thivolle- (21) Bott, S. G.; Sullivan, A. CJ. Chem. Soc., Chem. Comma888 1577
Cazat, J.; Basset, J.-M. Organomet. Chen200Q 593—594, 96—100. 1578.

B J. AM. CHEM. SOC.



BATCH:

124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145

jal0c36 USER: dgw69 DIV: @xyv04/datal/CLS_pj/GRP_ja/JOB_i41/DIV_ja046486r DATE: August 26, 2004

Reactivity of Silica with Tantalum Molecular Complexes ARTICLES

dippm "oy fHZ
(+ 2ppm) (£ 5 H)

. AEE—— . - e - L S e '\/J"L ‘ﬂ\
- o frbmm RRRTT ISy P Mg s 21 195
\_\\
[ =~ =Ty ~
- E. ™ " *2 S
- FAN .
g 2 o 47 -
- — 0 ’.\
] N
)
P \\\ /J\’
& i RPN \an,_.«\_,—

z 2 oz = 00 0 200 He
™~ -— — (]

' Jon (HI)

Jeoy (HIZ)

Figure 2. 2D J-resolved solid-state NMR spectrum of solid10%3C enriched at thet positions (*). Traces extracted along the dimension of the 2D
J-resolved spectrum at different carbon chemical shift frequencies: 31, 47, 95, and 247 ppm.

Scheme 1. Reactivity of [Ta(=CHtBu)(CH2tBu)s] with SiO2—00): Formation of [=SiO—Ta(=CHBu)(CH2Bu)(=Si0Si=)] (1a’)

tBU—\ Bu tB|u tBu
o, / . r ~Bu
Bu - T R

Ta tBu a—7
H ~ h
o/ O o/ AN ?/". H O
SS Q=g | MECCHBUCHBYL L omg b b
“33E 2 <I3Xp Ay
1c 1a'

carbenelbecause theid(C—H) coupling constant is strongly — assigned to the quaternary carbon of the tertiobutyl grousps

correlated with this angl&:22.23 attached to the carbene ligand; one other multiplet can iae

The results of thel-resolved 2D solid-state NMR study of — observed at 30 ppm, this resonance corresponding probablyséo
1d are reported in Table 2 and Figure 2. the superimposition of a quadrupléi—y = 125 Hz) due to 149

The carbenic signal at 247 ppm appears as a doublet with athe methyl signals and a singlet due to the quaternary carhsm
very small coupling constant ofJc_y = 80 Hz, strongly of the neopentyl ligands. 151
indicating that the €H bond is stretched and that the fa The combined use of EXAFS, IR, mass balance analyses,
C—H bond angle is very acute (probably lower than®)90  NMR studies (includindJc_-resolved data), and studies withss
Similarly, the molecular silsesquioxane analogue;(§Hq)7- molecular analogues yields a sharp description of the graftirsg
Si701,Si0) TaE=CHtBuU)(CH:tBu)] (1m), also displays a dou-  reaction of organometallic precursor [FaCHtBu)(CHytBu)s] 155
blet Jc-+ = 86 Hz) at 245 ppm assigned to its carbenic carbons. on a silica surface (see Scheme 1). 156

Because similar spectroscopic features have been observed for Particularly noteworthy, the EXAFS anHresolved studies 157
the starting molecular complex, and explained in terms of an e highlighted the presence of stabilizing interactions at tise
agostic interaction between the metallic center and the carbenicy,_anter. beside the-bonded alkyl and alkylidene ligandsjse
16,24-26 i . ) .

'proton,. -~ We propose that the same type of agostic with which the tantalum center (formally a tetracoordinated 1050
interaction is also present for the surface-bound Ta center andelectron speciesla) achieves a pseudo-octahedral geometrs
its (x-car'bemc proton old. ) . through (i) a 2-electron donor interaction with an adjacers2

.Tlhe 5|grt11al at9s ppmi_aSS|gned to 1methyllaﬁei£t8u), IS a (=SiOSE) surface bridge, and (ii) an agostic interaction withs3
triplet, with C—H coupling constantdc-n = 125 Hz, as ¢ carhenic €H bond, to yield the stabilized formally 14-164

expected for an sgcarbon. The molecular compléxn exhibits electron species. #SiO)Ta=CHBU)(CHABUW(=SIOSE
the analogous signal at 98.7 ppm (tripfeJs— = 109 Hz). In P HSIO)TaE J(CHaBU)( )] 165

o ) i . . 166
addition, there is a sharp singlet at 40 ppm, which can be Reactivity of [Cp*TaMe.] with Silica Partially Dehy- 167
(22) Brookhart, M.; Green, M. L. HJ. Organomet. Cheni983 250, 395- droxylated at 700 °C. The reports available on the reactivityes
(23) Nugent W. A.; Mayer, J. MMetal—Ligand Multiple Bond Wiley: New of Cp*TaI\/_Ie; (Scheme 2) with partially dehydrOXylateq silicaco

York, 1988. o ' are comprised of spectroscopld- and'3C-CP NMR studiesd! 170

(24) Schultz, A. J.; Williams, J. M.; Schrock, R. R.; Rupprecht, G. A.; Fellmann, i ;
3D T Am. Ehem Sod978 101 1505 1565, The data suggest that the organometallic surface species

(25) Goddard, R. J.; Hoffmann, R.; Jemmis, E..D.Am. Chem. Sod.98Q [(=SiO)TaCp*Me], 2a, is obtained, either by reaction withw72
102 7667-7676. i i i ;

(26) Fellmann, J. D.; Schrock, R. R.; Traficante, D.@rganometallics1982 surface silanol £SiOH] _and el!mmatl_on _Of methane, C_.r byi73
1, 481-484. cleavage of a surface siloxy bridgge$iOSE=] and formation 174
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Scheme 2. Reactivity of [Cp*Ta(CHzs)4] with SiO2—(700): Formation Absorbance
of [=Si0O—Ta(CH3)sCp*(=SiOSi=)] (2a')
% 50
HsC,
O/H O (cis)° ,:ra/CH3 (trans) 0
B [Cp*TaMey] N
wSi_ Q=g > o~ ' “cH
L4 g\ -CH | 1 (cs)AOu
wd 0 ] M\MO Yo
R ol 2.0
28" (b)
1.0
of silicon bound methyl moiety,=Si—Me]. The presence of L
this latter species is inferred by one signal- ppm in the 0.0 1@

13C NMR spectrunil!

Herein is discussed in detail the reaction of [Cp*TaMeith
a silica partially dehydroxylated at 70C. First, a silica disk ) . N .
partially dehydroxylated at 708C (SiOy-(700) Was immersed g;,glfé ipégrzgggg; O(faghisrgf;gn ;,:Ji%f?g%ﬂg}ggié@
at room temperature in a yellow pentane solution of [Cp*TgMe  (=siosE)].
(1.2 equiv/surface silanols; 0.26 0.03 mmol accessible OH/
g). After the excess molecular complex was washed and the

3000 2000
Wave Numbers (cm™)

resulting solid was dried under dynamic vacuum-€LUorr, 2 its 13C-labeled (20% on the Me substituents attached to baj
h)’ an IR Spectrum was recorded (Figure 3) analogueZ* (Figure 4a) Thé3C CP/MAS NMR spectrum of 226

The narrow band assigned to isolated silanols at 37472cm 2 displays three signals at 117, 58, and 9 ppm, as does it
totally disappeared, leaving a broad band in the 373%50 spectrum oR* (albeit with different relative ratios, Figure 4b)228
cm! region as well as two sets of bands in the 36Q@00 In accord with the literature datd,the signals at 117 and 9229

and 1500-1300 cnt? regions. The broad band corresponds to PPM can be tentatively assigned to the carbons of the cycs
v(o-) Of residual silanols in interaction with the perhydrocarbyl Pentadienyl ring and the methyl groups of the Cp* liganes1
ligands present at the surface of silica (vide infra for further respectively, and the signal at 58 ppm can be assigned to that
comments), the two latter sets of IR bands being assigned toof the (Ta-Mes) groups, which is shifted upfield as compareets
vchy @andvc=cy/d(ch vibrations. to that of the starting molecular complex [Cp*Tall€Ta— 234

Second, using larger quantities of silica (0:200 g) allowed ~ Mes, 74 ppm). The large upfield shift in going from a moleculass
the methane released to be quantified:—1L 2 equiv of methane ~ t0 a supported complex is consistent with the replacemented
was evolved per grafted Ta, consistent with a chemical grafting One methyl group by an electronegative siloxy gréGgNo 237
of the molecular complex. This reaction occurs via cleavage of resonance of any significance could be detectee-@tppm, 238
one (Ta-CHs) bond by a surface silanol forming a covalent Which is the signature peak of<Si—Me] as previously 239
(Ta—OsiE=) bond and methane to yield a yellow sold The reportedt! and no further evidence for a bisiloxy species coutdo
formation of [ESiO)TaCp*Me], 23, leads to 1 mol of MeH/  be obtained through these NMR studies. 241
mol of grafted Ta as expected, and therefore small quantities Fourth, the 2D'H—C HECTOR NMR spectrum oR*, 242
of the bisiloxy species £SiO),TaCp*Me)], 2b, for which 2 recorded with a contact time of 1 ms (Figure 4c), shows2a
mol of MeH/mol of grafted Ta are expected, could also be correlation between the signal at 1.6 ppm in thedffmension 244
possibly formed. Elemental analysis of the yellow solid shows (*H) and the signal at 9 ppm in the Bimension {3C), which 245
the presence of 1 2 carbons/Ta, which is consistent with  are assigned to the methyl groups of the pentamethylcyclopsse-
the proposed structure (13 C/Ta and 12 C/TaZarand 2b, tadienyl ring. The'3C resonance of the methyl groups directlyaz
respectively). The tantalum loading typically varies between 2.6 bonded to the tantalum gives two pairs of correlatior€.05 248
and 3.7 Ta % wt, depending on the batch of Sig) used ppm/58.0 ppm and-0.28 ppm/57.5 ppm in the.fF, dimen- 249
(depending on how much silica was compacted). Such tantalumsions. These two types of proterarbon resonances probablyso
loadings correspond to 0.340.21 mmol of Ta/g of solid, while correspond to the methyl group trans to oxygen (58.0-a0@5 251
SiO,- (700 typically contains 0.26t 0.03 mmol of OH/g on ppm), and the other correlation (57.5 anr@®.28 ppm) corre- 252
silica. Therefore, such low loading indicates a partial consump- sponds to the cis methyl groups as observed for simitas
tion of the surface silanols as already evidenced by in situ IR molecular complexes, Cp*TaXMéX = Cl, OMe, OiPr, QBu, 254
experiments (vide supra) where a broad band assigned toNMe,), which adopt a “four-legged piano stool” geometry ants
residual silanols was detected. This is in contrast to what hasin which the two types of methyl groups are not equivafént2se
been observed in the reaction of [Fe{HtBu)(CH,tBu)s] with The signal at 0.6 ppm in the, Bimension {H) does not correlate 257
SiO,- (700, for which all surface silanols are consumed, but it - with any carbon (in the Fdimension), and this signal disappeass
is consistent with the larger size of the [TaCp*l&agment when using deuterated silica (see Supporting Informatiorge
as compared to that of [TeCHtBu)(CH.tBu),], which, in turn, Therefore, the resonance at 0.6 ppm is most likely due tasa
would prevent the access of the molecular complex, [Cp*T4Me  surface silanolfESiO—H] resonance, which is shifted upfields1
to the remaining surface silanols.

Third, the solid-statéH MAS NMR spectrum of the yellow (27) Mayer, J. M.; Curtis, C. J.; Bercaw, J. &.Am. Chem. Sod.983 105,
solid 2 shows an intense peak at 1.61 ppm along with broad ., 2651-2660.

. (28) Gomez, M.; Jimenez, G.; Royo, P.; Selas, J. M.; Raithby, PJ.R.
signals betweer-0.3 and 0.7 ppm, as does the spectrum of Organomet. Cherrl992 439, 147-154.

D J. AM. CHEM. SOC.



BATCH:

262
263
264
265
266
267
268
269
270
271
272
273
274
275

USER: dgw69

DIV: @xyv04/datal/CLS_pj/GRP_ja/JOB_i41/DIV_ja046486r

DATE: August 26, 2004

Reactivity of Silica with Tantalum Molecular Complexes ARTICLES
a) b)
233 T 3
|1 |
|1
|
10 8 6 4 2 0 -2 4 6 -8 -10 240 200 160 120 80 40 O -40
(ppm) (ppm)
©
-1.0
- 0.0 §
Fy
g
0 §
2.0
’
120 80 ) 0 40
Carbon Chemical Shift (ppm)
F,

Figure 4. (a)'H MAS NMR spectrum o2* (number of scans- 8, repetition delay= 8 s, 90 H pulse= 3 us, no apodization). (B)C CP/MAS spectrum
of 2* (number of scanss 78 339, repetition delay 2 s, P15= 5 ms, line broadenings 100 Hz). (c) 2D HETCOR solid-state NMR spectroscopy2sn
The displayed spectra correspond tdH-aBMAS NMR spectrum (number of scars 16, repetition delay= 8 s, line broadening= 5 Hz) for F, and13C

CP/MAS spectrum (number of scars1024, repetition delay= 2 s, P15= 1 ms, line broadeningr 80 Hz) for k.

with respect to the silanols of silica (typically observed at 1.8 [TaMes(OAr),];3°2.181 A in [Cp*TaMe(CeHJ)];3tand 2.22- 276
ppm), most likely because of a ring-current effect of the adjacent 2.26 A in [(TaMeCp*)2(«-O)J3?) and Ta-C(pentamethylcy- 277
Cp* ring. clopentadienyl) distances (2.343.406 A in [Cp*TaChMey];28 278
Finally, Tantalum l,-edge EXAFS measurements ¢h 2.424-2.480 A in [Cp*Tap-tertbutylcalix[4]arene)B2 2.366— 279
provided further insight into the structure of this silica-supported 2.518 A in [Cp*Ta&NArCIZJ34. Moreover, the agreement witheso
Ta species (Figure 5). the EXAFS data was improved when the model included fizel
The data are consistent with an average of 1.3 oxygen atomscarbons at 3.44 A, corresponding to the five methyl groupsast
at1.931 A, 2.7 carbon atoms at 2.142 A, and 5.0 carbon atomsthe Cp* ligand (3.42-3.61 A in [Cp*Ta&=NArCI,J3%), and an 283
at 2.456 A in the coordination sphere of Ta, which is in turn extra 1.3 oxygen atoms at 3.04 A, which can be assignecdo
consistent witi2a being the major species present in the solid, that of siloxane bridges close to a tantalum species, to yietd
and2b (if any) as a minor product (Table 3).
The proposed assignment for measured Tabond distances ~ (30) fghs%mfgé'ﬁiigb;_-l%égmthwe”a . P.; Huffman, J. €. Am. Chem. Soc.
is in good agreement with values obtained from crystallographic (31) Churchill, M. R.; Youngs, W. Jnorg. Chem.1979 18, 1697-1702.
data for Ta-C(Me) (2.074-2.150 A in [TaMe];2° 2.115 A in (32) Efrgili(g,ﬁ’s.':j;.grg aMngr’Ti]Cefa‘T“Cngeg%”é"i-s?ﬁ(;}e‘igg% G. L.; Rheingold, A.
(33) Acho, J. A.; Doerrer, L. H.; Lippard, S. lhorg. Chem1995 34, 2542~

(29) Roessler, B.; Kleinhenz, S.; Seppelt, ®hem. Commun200Q 1039~ 2556.
1040. (34) Gavenonis, J.; Tilley, T. DOrganometallics2004 23, 31—43.
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EXAFS FOURIER TRANSFORM

k2. x (k)
IF(R)I

4 6 8 10 12
k(A7) R(A)
Figure 5. Ta Ly -edge R-weighted EXAFS (left) and Fourier transform (right) 2f Dashed lines, experimental; solid lines, spherical wave theory.
Table 3. EXAFS Parameters for Solid 22 Table 4. Reactivity of Tantalum Species Supported on Silica
- - - toward Propane
neighboring atom # of atoms distance from Ta (/A) Debye-Waller factor (/A)
- % wt P ratio conv.2 TON®
OSi 1.3 1.931 0.042
CHs 27 2142 0.097 catalysts Ta (Torr) (nC3Hg/nTa) (%) (mol P/mol Ta)
C' (Cp*ring) 5.0 2.456 0.086 solid 2 35 495 805 0 0
OSi, 1.3 3.040 0.063 solid 1 3.9 600 580 5.8 3334
C'" (Me of Cp*) 4.8 3.445 0.082 [(=SiO)pTa—H] 5.0 550 1065 6.1 65
aFit residue: p = 7.8%. aAs measured after 120 AThe selectivities in methane, ethane,

isobutane, butane, isopentane, pentane, and hexanes are 12.8%, 47.7%,
10.2%, 22.2%, 2.5%, 3.6%, and 0.9%, respectiveljhe selectivities in

286 [(=SiO)TaCp*Me(=SIOSF)], 24, analogous to the observa- methane, ethane, isobutane, butane, isopentane, pentane, and hexanes are

287 tions for the carbenic derivative discussed aboweSi0O)Ta- 18.0%, 40.0%, 8.6%, 24.4%, 2.9%, 5.1%, and 1%, respectively.

288 (=CHItBU)(CH:tBu),(=SiOSE)], 14.

289 In summary, the combined analysis of the experimental data !arly in olefin metathesis (Scheme 3), we have observed tae
200 collected on the reaction of Cp*TaMwith SiO, (o0 indicates initiation products of the reaction of propene angHiO)Re- 322
201 the presence of #SiO)TaMeCp*(=SiOSE)] (2d) as amajor  (FCtBU)(=CHtBU)(CH:tBuU)(=SIOSF)]:  tBUCH=CH, and 323
202 species, in which a siloxane bridge acts as an extra donor ligandiranstBuCH=CHCH; (no cis BuCH=CHCH is detectedj>3° 324
203 to the Ta center. In contrast to most organometallic complexes Their ratio (BuCH=CHy/transtBUCH=CHCHp) is 3.0, which 325
294 studied so far, only part of the surface silanols reacted with is closely related to that observed for the initiation productsare
205 [Cp*TaMey], as demonstrated by elemental analysis, IR, and the metathesis of propane orF$iO) Ta=CHtBU)(CH.tBu),- 327
296 NMR spectroscopies. The remaining silanols interact with a (FSIOSF)] (1&). In this latter case, the selectivity in initiatiors2s
297 nearby Cp* as observed through the upfield shift GESiOH) products can be understood in terms of minimization of the stexie
298 in the'H NMR spectrum. The grafting mechanism corresponds interactions in the metallacyclobutane intermediates (or in theso
299 to the silanolysis of a TaMe bond by a surface£SiOH], with formation)?” which is governed by the relative position of thes:
300 elimination of 1 mole of methane, while no evidence was Substituents: typically substituents in the [1,3]-positions (usuaibe
301 obtained supporting the previously proposed addition ofada  both in equatorial positions) of the metallacyclobutane intess
302 across a SO bond of a surface siloxy bridgesBiOSE].11 mediate generate less steric hindrance than those in the [B2]-
303 Comparison of the Reactivity of [Cp*TaMes and positions (usually both in equatorial positions, Schem# 3). 335
304 [Ta(=CHtBu)(CHtBu)s] Supported on Silica Partially De- The selectivity in propane metathesis can also be explaires
305 hydroxylated at 700 °C toward Propane. In the case of by using the same model in which [1,3]- and [1,2]-interactions?
306 [(=SiO)Ta(CH):Cp*(=SiOSE)] (24), a sterically crowded determine the ratio of products. For instance, the butane/pentsae
307 electron-rich T4 surface complex, its reaction with propane ratios are 6.2 and 4.8 fdra and [&SiO),Ta—H], respectively 339
308 yields methane as the sole gaseous product, which probably(Table 4)3° A similar trend is observed for the isobutaned4o
309 formed via the decomposition @a (Table 4). On the other  isopentane ratios, which are 4.1 and 3.0, respectively. The highaer
310 hand, [ESiO)TaECHtBu)(CH:tBu)(=SiOSE)] (1a), an selectivity in butanes (the transfer of one carbon via metaltaz
311 electron-deficient T surface complex as evidenced by the cyclobutanes involving [1,3]-interactions) than that of pentanes
312 C—H agostic interaction, catalytically transforms propane into

313 its higher and lower homologues (Table 4). Moreover, initiation (35) Chabanas, M.; Baudouin, A.; Copg C.; Basset, J.-Ml. Am. Chem. Soc.

314 products, which result from the reaction of the neopentyl/ (sg) Zcoh‘;lbgﬁgs?‘h’,??égfg; C.: Basset, J.-MEur. J. Chem2003 9, 971

315 neopentylidene fragments Ird’ and propane, are also formed: 975. ] . .

316 2,2-dimethylpropanetBuCH,-H, 1.05 equiv/Ta), 2,2-dimeth- 37) ZVX%ZS%?GE; C:: Dewan, J. C; Schrock, R. Grganometallics1986 5,

317 ylbutane {BuCH,-CHs, 0.30 equiv/Ta), and 2,2-dimethylpentane  (38) fg;‘%gl 4%5:?52883 J. M. Mutin, R.; Graydon, W.J- Am. Chem. Soc.

318 (tBuCH,-CH,CH3, 0.11 equiv/Ta). Note that naBuCH,- (39) In the case of TaH,..this ratio does not change with time, while the
519 CH,CH,CH; (<019, not detected) is formed. The ratio of  foputsneliuane o Kecrenses b be eelaiOTat Crioh)
320 initiation productsBuCH,-CH3/tBuCH,-CH,CH3 is 2.5. Simi- this complex at 150C.
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Scheme 3. Possible Relation between the Mechanisms of Olefin and Alkane Metatheses: The Initiation Step
tBu
Re=/ Bu k1 3 tBu
Re , Re .
. — — m + n Major
CHs CH; Favoured CHj
observed
tBu
- tBu §
Re—/ Re k7,2 Re tBU
+ E—— CHy — || + T|\ minor
Disfavoured
=\ CH;
CHs
tBu
-/ Bu
Ta Ta k1.3 T tBu tBu
. B — > |a + ] e \I Major
CHj CH,4 Favoured k CH
\— CH3 3
observed
tBu
_y Bu
Ta Ta k1,2 Ta tBu tBu
+ = CH; —» i+ I —_— .
Disfavoured > minor
)\ CH CH
CH3 3 3
Scheme 4. Model for Product Selectivities in Alkane Metathesis
. N N
Ta I
+ B + —_—
CHs CHg Favoured Ik | CH
S CHs 3
Major
Ta=/ Ko
—~ Ta ’ Ta
Disfavoured J\ -
- CH CH
CH,3 3 s
minor
Ta:< k1,3
. - Tay _ T|a . \”/ - . \|/
CH, CH— N Favoured k - > CH
— CH3 3
Major
Ta:< k
Ta 1.2
+ —— vcm — TIT + —
\ Disfavoured >
—/\ CHj; CHj3
CHj3 .
minor
344 (the transfer of two carbons via metallacyclobutanes involving metallocarbenes rather than direct C o-bond metathesis or3ss
345 [1,2]-interactions) is consistent with this model (Schemes 3 and oxidative addition pathways as was suggested earlier assa
346 4). possible working hypothesis. 357
347 Because alkane metathesis catalysts need to be highly _ _
348 electrophilic and coordinatively unsatured (Cp* is detrimental Experimental Details 358
349 tolkcatalySIS)’:ec.ausedthe SeIeCtl.Vlt!les of Iﬂltlatfn progl:Cts ??d General Procedure. All experiments were carried out under &59
350 alkane mgtat €slIs pro um? are similar to that o §erve Or OleliN . nirolled atmosphere, using Schlenk and glovebox techniques forase
351 metathesis, and because, a .metallocarbene, is a catalyst grganometallic synthesis. For the synthesis and treatments of the sudece
352 precursor for alkane metathesis, we therefore propose that onepecies, reactions were carried out using high-vacuum lines (1.34 38a)
353 of the key steps in alkane metathesis would be the formation and glovebox techniques. SiQAerosil Degussa, 200 fng~l) was 363
354 of a metallacyclobutane intermediate and probably involves compacted with distilled water, calcined (500 under air for 4 h), 364
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and partially dehydroxylated under vacuum (1.34 Pa) at°&Dfbr 12 the w, dimension. The recycle delay was 1.3 s, and a total of;80417
h and then at 700C for 4 h (support referred to as SiQrq). [Ta- increments with 1024 scans each were collected (total acquisition tune
(=CHtBuU)(CH,tBu)s] and [Cp*Ta(CH)s] were prepared accordingto = 30 h). 419
the literature procedur®. The 10% 3C-labeled [Taf=CHtBu)- Extended X-ray Absorption Fine Structure Spectroscopy 420

(CH,tBu)s] was prepared as reported previoust) 1C-labeled Cp*Ta- (EXAFS). EXAFS onlawas carried out at the Stanford Synchrotrome1
(CHa)4 was prepared following the literature procedure for the unlabeled Radiation Laboratory (SSRL) at beamline 4-1 as previously repétted22
complex, using'3CHsLi prepared from Li wire and CH.*! Pentane Sample was packaged within an argon-filled drybox in double airtiglat3
and diethyl ether were distilled on NaK alloy and Na/benzophenone, sample holders equipped with Kapton windows. X-ray absorptiom
respectively followed by degassing through freepamp—thaw cycles. spectra were acquired at the Laboratoire pour I'Utilisation du Rayores
Infrared spectra were recorded on a Nicolet Magna 550 FT spectrometernement Electromagdtigue (LURE in Orsay, France), on the DCI ring#26
equipped with a cell designed for in situ reactions under controlled at beam line D44. They were recorded at room temperature at 4be
atmosphere. Elemental analyses were performed at the Service Centralantalum Ly, edge, from 9700 to 11 000 eV, \iita 2 eVstep in the 428
d’Analyses of CNRS in Solaize. transmission mode. The data analysis was performed by standaed

1H MAS and3C CP-MAS solid-state NMR spectra were recorded Procedures using either the suite of programs EXAFSPAK developed
on a Bruker DSX-300 spectrometer. For specific studies (see below), Py G- George of SSRL or the one developed by A. Michalowicz4s1
1H MAS and*C CP-MAS solid-state NMR spectra were recorded on Each spectrum was carefully extracted, and the best removal of laaz
Bruker Avance-500 spectrometers with a conventional double resonancefT@duency noise was checked by further Fourier transformation. Fittiag
4 mm CP-MAS probe at the Laboratoire de Chimie in Ecole Normale ©f thé spectrum was done on tkieweighted data using the following434
Supeieure de Lyon or at the Laboratoire de Chimie Organometallique EXAFS equation wher&? is the scale factor\: is the coordination 435
de Surface in Ecole Stieure de Chimie Physique Electronique de nuUmber of shell; S is the central atom loss factor for atdnf is the - 436
Lyon. The samples were introduced under Ar in a zirconia rotor, which EXAFS scattering function for atomR is the distance to atoirfrom 437
was then tightly closed. In all experiments, the rotation frequency was the absorbing atomy, is the photoelectron mean free path;is the 438
set to 10 kHz unless otherwise specified. Chemical shifts were given DePye-Waller factorigi is the EXAFS phase function for atoiand = 439

with respect to TMS as external references #drand 3C NMR. ¢c is the EXAFS phase function for the absorbing atom. 440

Heteronuclear correlation experment wat performed acaraing 0 the. - NSRIFKR) [ ~2R

. } X . K= ex X
following scheme: 99 proton pulse,t; evolution period, cross- £ kRZ A(KR)
polarization (CP) to carbon spins, detection of carbon magnetization. ) ]
For the CP step, a ramp radio frequency (RF) fieféicentered at 60 exp(-20,4¢) sin[2kR + ¢(kR) + ¢(K)]
kHz was applied on protons, while the carbon RF field was matched
to obtain optimal signal. The contact time for CP was set to 1 ms. The program FEFF? was used to calculate theoretical values$or 441
During acquisition, the proton decoupling field strength was set to 83 Fi, i, ¢i, and¢. based on model clusters of atoms in which atomiz2
kHz (TPPM decouplintf). A total of 32t; increments with 1024 scans ~ positions were taken from the crystal structure of the most simika3
each were collected. The spinning frequency was 10 kHz, and the complexes. The refinements were performed by fitting the structusad
recycle delay wa 1 s (total acquisition time of 9 h). Quadrature parameterdN;, R and oi. The fit residue,p, was calculated by the 445
detection inw; was achieved using the TPPI methéd. following formula: 446

J-Resolved SpectroscopyThe two-dimensional-resolved experi-
ment was performed as previously descriBedter cross-polarization Z[ksxexp(k) — Ky calK1?
from protons, carbon magnetization evolves duringinder proton .
homonuclear decoupling. Simultaneous 188rbon and proton pulses p=
are applied in the middle df to refocus the carbon chemical shift Z[ks (o
evolution while retaining the modulation by the heteronucleaiscalar
couplings. A Z-filter is finally applied to allow phase-sensitive detection ) - ) )
in w1 Proton homonuclear decoupling was performed by using the Reaction of Silica Partlally Dehydroxyla_ted at 7OQ°C with [Ta- 447
frequency-switched LeeGoldburg (FSLG) decoupling sequerfté’ (CHtBu)(CH2tBu)s], Formation of the Sollq 1. A mixture of [Ta- 448
Quadrature detection in; was achieved using the TPPI metH§dhe (CHtBU)(CHtBu)y] (0.155 g, 0.33 mmol) in pentane (10 mL) and49
rotor spinning frequency was 10.2 kHz to synchronizetttiecrement SiO2-~700) (1.0 g) was stirred at 25C for 2 h. After filtration, the solid 450
with the rotor period. The proton RF field strength was set to 83 kHz Was washed three times with pentane. The solvent was then remox&d,
duringt; (FSLG decoupling) and acquisition (TPPM decoupliffgfhe and the yellow orange solid was dried under dynamic-vacuum at423
lengths of carbon and proton 18pulses were 7 and s, respectively. - _ B _ o488
An experimental scaling factor, measured as already desciibsfd, Reaction of Silica Partially Dehydroxylated at 700 °C with 454

0.52 was found, which gave a corrected spectral width of 2452 Hz in [CP*TaMe.]: Formation of the Solid 2. A mixture of Cp*TaMe 455
(42.5 mg, 0.11 mmol, 1.2 equiv) and SiGQoo) (373 mg) in pentane (5 456

mL) was stirred at 25C for 2 h. After filtration, the solid was washed4s7

(40) Sanner, R. D.; Carter, S. T.; Bruton, W. J.,JJrOrganomet. Chen1982

240, 157-162. three times with pentane and all volatile compounds were condensssl
243 Opg_olzer,S W.; Mirza, SHelv. Chim. Acta198§ 67ﬁ 73(%733. into another reactor (of known volume) to quantify methane evolvesb
42) Hediger, S.; Meier, B. H.; Kurur, N. D.; Bodenhausen, G.; Ernst, R. R. : : : :
Chem. Phys. Letl1994 223 283-288. during the grafting. The resulting yellow ppwder was dried undeso
(43) Metz, G.; Wu, X.; Smith, S. Q1. Magn. Reson., Ser. 2094 110, 219- vacuum (1.34 Pa) to yield 406 mg &f Analysis by gas chromatrog-461
227. ) ) . raphy indicated the formation of 86nol of methane during the grafting462
(44) Bennett, A. E.; Rienstra, C. M.; Auger, M.; Lakshmi, K. V.; Griffin, R. G.
J. Chem. Phys1995 103 6951—6958. (1.0nCH4nTa). 463
(45) Sllearian, D.; Wuethrich, KBiochem. Biophys. Res. Commui®83 113 Reactivity of Propane on Solid 2.In a 352 mL volume reactor 464
7-974. ; 0
(46) Bielecki, A.; Kolbert, A. C.; Levitt, M. H.Chem. Phys. Let1989 155, were added 67 mg of soliéd (12.9umol of Ta, 3.5%,) and propane 465
341-346.
(47) Levitt, M. H.; Kolbert, A. C.; Bielecki, A.; Ruben, D. olid State Nucl. (49) Michalowicz, A.Logiciels pour la chimigSocigé Fran@ise de Chimie:
Magn. Reson1993 2, 151-163. Paris, 1991.
(48) Lesage, A.; Duma, L.; Sakellariou, D.; Emsley JLAm. Chem. So2001, (50) Zabinsky, S. I.; Rehr, J. J.; Aukudinov, A.; Albers, R. C.; Eller, MPHys.
123 57475752, Rev. B: Condens. Mattefl995 52, 2995-3009.
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(495 Torr, 9.38 mmol). The reaction mixture was heated at°Csfbr

120 h, during which small aliquots were analyzed by GC and GC/MS.
Reactivity of Propane on Solid 1.In a 235 mL volume reactor

were added 60 mg of soliti(12.9umol Ta, 3.9%,) and propane (600

Torr, 7.59 mmol). The reaction mixture was heated at AGGor 120

h, during which small aliquots were analyzed by GC and GC/MS.

Conclusion

Generally, whether using [TeCHtBu)(CH.tBu)s] or [Cp*Ta-
(CHg)4], the reaction with a silica partially dehydroxylated at
700°C provides primarily the corresponding monosiloxy surface
complexes [ESiIO)TaE=CHIBU)(CH:tBU)(=SiOSE)] (14)
and [ESIiO)Ta(CH)sCp*(=SIiOSE)] (2d), by eliminating a
o-bonded ligand as the corresponding alkane-CG,tBu or
H—CHz). Moreover, when the metal is grafted, the coordination
number is increased by coordination of a pair of electrons from
the siloxane bridge, probably to stabilize the structure. In
particular, in the case of [TefCHtBu)(CH,tBu)3], the surface
silanol [=SiOH] reacts preferentially with the carbene, to yield
[(=SiO)TaECHtBU)(CH:tBu)(=SiOSE)], which is further
stabilized by an additional-€H agostic interaction. In the case
of [Cp*Ta(CHs)4], the size of the complex is such that after

level provides the possibility for one to probe mechanisms4gs
heterogeneous catalysis through structiaetivity relationship. 496
In particular, in the case of alkane metathesis, the absencesof
activity of [(=SiO)Ta(Ch)s:Cp*(=SIOSE)] (2d) and the 498
product selectivity when $#SiO)TaECHtBU)(CHotBu),- 499
(=SiOSE)] (1d) was used as a catalyst precursor show thsab
the active site is required to be highly electrophilic, coordinss1
tively unsaturated, and probably involves a metallacyclobutame
intermediate. We are currently trying to probe the other steps
of the mechanisms such as how the alkane is activated and bow
the olefins are formed. 505

This insight was gained by the combined use of sevesed
analytical techniques, with particular relevance given to tbe
necessity to complement more traditional spectroscopic data 6R,
one-dimensional solid-state NMR...) with data from techniquas
such as EXAFS and multidimensional NMR spectroscopiesio
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In conclusion, the combined evidence presented here shows "ance (project 1 CK 897-02). This work has also beemsis

the possibility for silica partially dehydroxylated at 7600 to
act as a LX ligand in the Green formalisi®!->2rather than an
X ligand, as is the most commonly reported. Moreover, the

formation of well-defined species characterized at a molecular
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